Langmuir isotherm is the most common adsorption model used in the prediction of gas adsorption in most shale and coal bed methane reservoirs. However, due to the underlying assumption of single temperature, it fails to model gas adsorption where temperature differential exists in the reservoir. To address this shortcoming, temperature-dependent gas adsorption models have been incorporated into material balance calculations for accurate prediction of original gas in place as well as determining both average reservoir pressure and future performance in coal/shale gas reservoirs. The material balance equation has been expressed as a straight line with both Bi-Langmuir and Exponential models used in prediction of gas adsorption rather than the Langmuir isotherm. With this methodology, several adsorption capacities can be obtained at multiple temperatures which will allow for better estimation of original gas in place and future gas production. The results from this works show that temperature-dependent gas adsorption models can be used in place of Langmuir isotherm to account for the effect of temperature variations and more accurate representation of the adsorption of gas in coal/shale gas reservoirs.
Introduction
Material balance equation has been an important tool for making future reservoir predictions especially future production forecasts in conventional reservoirs. It is seen as one of the most powerful tools used in reservoir engineering (Canel and Rosbaco, 1992) . Material balance models uses pressure and production data to determine the volume of hydrocarbons that is originally present. They have been used primarily in the estimation of original hydrocarbons in place and also in determining expected ultimate recovery and remaining reserves in a reservoir. In estimating original gas in place (OGIP) and initial reservoir pressure, several methods including those of King (1993) , Jensen and Smith (1997) , Seidle (1999) , Ahmed et al. (2006) , Moghadam et al. (2011) and Firanda (2011) have been proposed. These methods have utilised the application of P/Z plot, which requires cumulative gas production, average reservoir pressure and the properties of the produced gas as the input data (Seidle, 1999) .
The success and usefulness of the P/Z plot in conventional reservoir led to its application in unconventional reservoirs such as coal bed methane and shale/tight gas reservoirs. Despite its usefulness, the P/Z plot may give inaccurate results when applied directly to unconventional reservoirs such as coal/shale. This is because in its conventional form, it did not include other sources of gas storage such as connected reservoirs or adsorption which is present in coal/shale reservoirs (Moghadam et al., 2011) . This led to the modification of P/Z plot in order for it to be suitably applied to unconventional reservoirs especially for coal/shale gas reservoirs. Unconventional reservoirs such as coal/shale are characterised by gas adsorption, hence incorporating adsorption into the derivation of the P/Z method is necessary for accurate prediction of hydrocarbons in place for such reservoirs. This requires an adsorption model that can correctly represent the adsorption phenomenon within these reservoirs. Langmuir isotherm represented this phenomena for the traditional P/Z plot used in unconventional gas reservoirs. Despite the limitations of Langmuir isotherm such as adsorption being a function of only pressure, it remains the only model currently incorporated in most P/Z plots to evaluate the production performance of unconventional gas reservoirs using material balance. Several P/Z methodology have been developed for use in unconventional reservoirs with the use of classical Langmuir isotherm. Table 1 summarises the different methodologies used in material balance calculations for unconventional gas reservoirs.
Temperature plays an important role in gas adsorption. Hence any adsorption model should be capable of expressing the adsorption as a function of both pressure and temperature. Majority of gas in shale gas reservoirs is from adsorbed gas and an ample knowledge of gas adsorption behaviour over a wide range of pressure and temperature is needed. Typical sorption capacities for unconventional gas reservoirs requires measurement over extended range of pressures especially for shales gas reservoirs where pressures needs to be greater than 20 MPa and temperatures over 100 C in order for it to be considered as in-situ reservoir conditions (Gasparik et al., 2015) . Therefore, in order to accurately describe the adsorption capacities of these reservoirs, multiple adsorption capacities at different temperatures need to be collected. Langmuir model is limited in providing such adsorption measurements at multiple temperatures. Since gas adsorption is also a function of temperature, geothermal gradients will contribute substantially to the adsorption capacity of these reservoirs. An example is the black Warrior basin where there is temperature variation of about 26.85 C-51.85 C within 0.3-1.8 km depth range (Charoensuppanimit et al., 2015; Pashin and McIntyre, 2003) . For shale plays with much thinner thickness where temperature might not play crucial role, the use of Bi-Langmuir model could help describe the adsorption phenomenon more accurately (Lu et al., 1995) . This is because Bi-Langmuir model takes into account the heterogeneities of the shale play. For example in Devonian shale, both clay and kerogen content plays a significant role in accounting for adsorption (Lu et al., 1995) . A key assumption of Langmuir isotherm is the homogeneity of the adsorbent. However, this may not be suitable or true for coal/shale gas systems since different materials such as clay minerals and kerogen content may contribute to gas adsorption on shale (Lu et al., 1995) . Hence, the need to introduce temperature-dependent adsorption models in material balance calculations for unconventional gas reservoirs.
Methodology
Previous modifications of material balance equation for unconventional gas reservoirs especially for coal and shale have included the adsorption capability of these resources. The additional term of gas adsorption has been modelled based on Langmuir isotherm. Langmuir isotherm describes an equilibrium relation between the free gas and the adsorbed gas under isothermal conditions. Thus gas adsorption has been expressed only as a function of pressure. Material balance calculations can be further improved when the effects of temperature on adsorption is considered. The role of temperature in adsorption has been highlighted by several researchers (Lu et al., 1995; Gasparik et al., 2015; Charoensuppanimit et al., 2015; Pashin and McIntyre, 2003) .
Over the years, several researchers have modified the classical Langmuir model to include a temperature term that makes it appropriate to describe the adsorption capacity of shale/coal. Lu et al. (1995) proposed the use of Bi-Langmuir model to describe the adsorption of gas at several temperatures. One term of the model describes gas adsorption on clay minerals while the other accounts for gas adsorption on kerogen. The model, therefore, is suitable for non-homogeneous adsorbents especially in the Devonian shale where two mineral composition of clay and kerogen are said to be mainly responsible for gas storage. Ye et al. (2016) also proposed a variation of the classical Langmuir isotherm equation by introducing an exponential relation that expresses the Langmuir volume (V L ) as dependent on temperature. Thus, the constant Langmuir volume (V L ) as expressed in the Langmuir equation is replaced by a V L that is a function of temperature. Based on applying the models to different sets of shale gas data, it has been established that modified Langmuir model with temperature dependency can accurately describe shale gas adsorption under various pressures and temperatures (Fianu et al., 2018; Lu et al., 1995; Ye et al., 2016) . Bi-Langmuir model is expressed as:
All variables with the exception of pressure (P), and Temperature (T) are obtained by matching the adsorption data using regression analysis.
Hence,
Exponential model for adsorption is given as: 
The coefficients A and B are obtained by matching the adsorption data through regression analysis.
To incorporate Eqs.
(1) (Bi-Langmuir model) and 3 (Exponential model) into the material balance equation, Ahmed et al., 2006 approach has been adopted expressing the material balance as an equation of a straight line with x and y. The use of this method provides the advantage of not using an iterative process as employed by the other methods in solving the resulting equations. It offers the advantages of minimizing cost associated with obtaining pressure survey data since the average reservoir pressures can be easily obtained by using the initial reservoir pressure, Langmuir isotherm and cumulative gas production.
Produced gas can be expressed as
G; G F ; andG R have been defined in Appendix.G A is the gas adsorbed and can now be expressed as a function of both pressure and temperature. Inserting both the Bi -Langmuir and exponential formulae into G A yields the following equations respectively:
The general material balance equation in Eq. (4) have been used to derive both the Bi-Langmuir model and Exponential model. In order to test the sensitivity of estimating the original gas in place to water and fluid compressibilities, a case of including compressibilities were tested and another without compressibilities also tested (Ahmed et al., 2006) . For Bi-Langmuir model, the modified material balance equation can therefore be expressed as:
Bi-Langmuir model
Neglecting rock and fluid compressibility:
Eq. (7) can be expressed as an equation of a straight line, i.e y ¼ mxþ a , where
When x is plotted against y , this will yield a straight line with slope m and a as intercept.
Exponential Model
For the exponential model, the modified material balance can be expressed as:
Eq. (13) Can be expressed as an equation of a straight line, i.e y ¼ mx þ a , where
2.1. Average reservoir pressure Bi Langmuir model:
Eqs. (19) and (20) can be solved iteratively for the average reservoir pressure using Newton Raphson method.
Prediction of reservoir production performance
The ability to predict future reservoir production performance can be achieved with the modified methodology which includes the temperature-dependent gas adsorption models. A finite difference scheme can be adopted with the modification to predict future reservoir performance.
The modified material balance equation can be expressed in the following form neglecting water and rock compressibility after finite difference approximation.
Bi Langmuir Gas Adsorption Model:
Exponential Gas Adsorption Model:
The steps needed to carry out a prediction of future reservoir performance can be outline below and also by the algorithm in Fig. 1 .
Step 1: A future reservoir pressure below current reservoir pressure needs to be selected.
Step 2: If the current pressure is equal to the initial reservoir, then set current water production and current Gas produced to zero.
Step 3: Guess or estimate the cumulative water production and solve future cumulative gas production, gas saturation and gas -water ratio.
Step 4: Recalculate cumulative gas production by applying Eq. (25).fd25
Step 5: if the two values of cumulative gas production in Step 3 and 4 agree, then the assumed value of water production in Step 3 is correct.
If not, assumed a new value for water production and go through Step 3 to Step 5.
Step 6: next calculate incremental gas production, gas and water flow rates.
Step 7: replace the calculated old values of water production, cumulative gas production, gas and water rate with the new values calculated and repeat steps 1-7.
The following equations are also useful: Fig. 1 . Algorithm for predicting future production using Temperature-dependent models.
The gas saturation equation is given as
The relative permeability ratio of krg krw at the gas saturation S nþ1 g can be used to estimate the gas water ratio as
Gas and water flow rates are calculated respectively as:
The average gas flow rate as reservoir pressure declines from p n to p nþ1 is
The incremental time needed for the incremental gas production during the pressure drop is
Results and discussion
To verify the application of the modified method, simulation data provided by (Ahmed et al., 2006; King, 1990; Seidle, 1999) have been adopted to confirm the initial gas in place and other historical production data. The model can be described by a 2-D areal model that contains single coal well. A detailed reservoir properties is given in Table 3 . The reservoir is described as being homogeneous with the well-draining a 320 acre coal deposit. Initial water saturation is reported as 0.95 with an initial reservoir pressure of 1500 psia. The estimated initial gas in place is 12.763 bscf with an actual production data given in Table 2 . The adsorption capacity of this reservoir is expressed by the Langmuir isotherm, with Langmuir parameters given in Table 3 .
To obtain the parameters for the adsorption models with temperature dependence, gas adsorption has to be expressed at different temperatures and a regression analysis done on the data to obtain the relevant model parameters. Since no data have been provided relating to the experimental adsorption capacity of the coal reservoir at several temperatures, obtaining the model parameters for the temperature-dependent models was a challenge. To obtain the model parameters for the temperaturedependent adsorption model, similar method to that of (Wang, 2017; Yue et al., 2015) was adopted where unknown independent parameters in Eqs. (2) and (3) are determined from Langmuir isotherm curve at provided temperature conditions by nonlinear regression (see Figs. 2, 3 , and 4). In the case where multiple gas adsorption data at different temperatures are available, temperature-dependent models could be easily applied to obtain model parameters to be used in simulation studies. Tables 4 and 5 shows the model parameters obtained for both Bi Langmuir and Exponential models.
Using the above data, the OGIP has been determined for both temperature-dependent models. By neglecting the formation and water Table 2 Production data (Ahmed et al., 2006) .
Time (days)
Gp ( Table 3 Coal properties (Ahmed et al., 2006 . compressibility, Table 6 shows the case of bi-Langmuir and that of exponential model. A plot of x and y will yield a straight line on a Cartesian scale (see Figs. 5 and 6 ). The slope of the straight line can then be used to determine the drainage area and subsequently the initial gas in place. A slope of 15,946 acre-ft. and 15,933 acre-ft. was obtained for Bi-Langmuir and Exponential model respectively, at the current reservoir temperature. Table 7 shows the corresponding drainage area and OGIP (see Figs. 7 and  8) .
OGIP and average pressure
Firstly, by neglecting rock and fluid compressibility, the value of the OGIP obtained for both Bi-Langmuir and Exponential model are 12.757 Bscf and 12.742 Bscf respectively (See Table 7 ). Compared with Ahmed and Roux method which gave OGIP as 12.72 Bscf, the new methodology of incorporating temperature-dependent models into material balance calculation resulted in a much closer estimation of the OGIP obtained from the field data of 12.763.
However, the inclusion of compressibility calculation resulted in a slight over prediction of the original gas in place as shown in Table 6 . Though, using Bi-Langmuir model in the material balance calculation resulted in the correct estimation of the drainage area of 320 acres, the Fig. 4 . Shale gas adsorption capacity at selected temperature using Bi-Langmuir Model (data from Ahmed et al., 2006) . Fig. 3 . Shale gas adsorption capacity at selected temperature using Exponential Model (data from Ahmed et al., 2006) . OGIP was slightly higher than actual data reported. Ahmed and Roux method under predicted the OGIP when rock and fluid compressibility was included in the calculation (See Table 8 ).
Also, an estimate for the initial gas in place can be made at different temperatures of the reservoir, something which cannot be done when Langmuir isotherm is used in the calculation of the adsorption potential of the reservoir. Fig. 9 shows estimated gas in place when both temperature-dependent models are used with decreasing gas in place as the reservoir temperature increases. Thus, it can be concluded that at a much higher reservoir temperature, the original gas in place in a CBM/ shale gas reservoir will be much lower compared with when the reservoir temperature is low. This is because, the contribution by gas adsorption will be smaller at higher temperature since gas adsorption is exothermic. Using Eqs. (19) and (20), the average reservoir pressure for the reservoir can be determined by only using the historical cumulative production values. An excellent pressure match has been obtained for both cases of temperature-dependent models (see Figs. 10 and 11) . The pressure match results is in agreements with both the reported data and Ahmed and Roux method. This shows that the new methodology is capable of predicting average reservoir pressure using historical production data.
Reservoir performance prediction
Both temperature-dependent model has been used to estimate production performance of the well. The validity of the modified methodology with temperature-dependent models has been tested against the cumulative gas production. The performed simulation in MATLAB allowed for different pressure steps to be used and it was found that the choice of smaller pressure steps resulted in much accurate match to the production data. See Figs. 12 and 13 for a match of the simulated results with that of the cumulative production data. Using Bi-Langmuir model and Exponential model in the methodology showed excellent match with the reported cumulative gas production when time step size of 20 psi was chosen. However using real pressure time steps showed higher total prediction for both models. This results is also in congruence with results 
Conclusion
Temperature-dependent models have been introduced into material balance equation for unconventional gas reservoirs such as CBM and shale gas reservoirs. Two different temperature-dependent models, namely, Bi-Langmuir model and Exponential model have been introduced and subsequently incorporated into the material balance equation. By modifying the material balance to include a temperature-dependent gas adsorption model, a new model was developed and applied to available data. One of the limitations of this study was the fact that adsorption capacities at several temperatures needed to conduct temperature-dependent modelling were not available. Without this data, the authors recognise that it will be difficult to argue the point of its supremacy over existing models. What we are suggesting is that, in situations where such data is available, it will be appropriate to use temperature-dependent models in material balance calculations since they have been shown to predict the adsorption capacities accurately over a wide range of temperatures compared to a single isotherm. The following conclusions are made based on the results of validation of the model:
1. Accurate adsorption potential of the reservoir can be modelled once several gas adsorption data are available at several temperatures. Langmuir isotherm although useful fails to model gas adsorption at several temperatures. Results compared with earlier methodology like Ahmed and Roux showed excellent predictions and in some cases closer match to reported gas in place.
2. Extrapolation of adsorption capacity can be made at actual reservoir temperature with temperature-dependent gas adsorption models, thereby giving an accurate representation of adsorption capacity which can ultimately improve the estimation of gas in place values. 3. Accurate estimation of reservoir performance can be made with the use of temperature-dependent gas adsorption models in material balance calculations once the adsorption capacity of the reservoir are expressed at different temperatures.
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